Malignant pleural effusion (PE) and ascites, common clinical manifestations in advanced cancer patients, are associated with a poor prognosis. However, the biological characteristics of malignant PE and ascites are not clarified. Here we report that malignant PE and ascites can induce a frequent epithelial-mesenchymal transition program and endow tumor cells with stem cell properties with high efficiency, which promotes tumor growth, chemoresistance, and immune evasion. We determine that this epithelial-mesenchymal transition process is mainly dependent on VEGF, one initiator of the PI3K/Akt/mechanistic target of rapamycin (mTOR) pathway. From the clinical observation, we define a therapeutic option with VEGF antibody for malignant PE and ascites. Taken together, our findings clarify a novel biological characteristic of malignant PE and ascites in cancer progression and provide a promising and available strategy for cancer patients with recurrent/refractory malignant PE and ascites.
EMT and gain a stem cell phenotype within malignant PE/ascites (9, 19, 20) . So far, however, there are no available strategies to inhibit these processes because the underlying mechanisms are barely understood. Finding the key mediator within malignant PE/ascites may be important to develop an available strategy to improve the prognosis of patients with malignant PE/ascites.
Here we confirmed that malignant PE/ascites could induce EMT in multiple tumors and help cancer cells to gain CSC properties with high frequency and efficiency. We found that malignant exudates showed universal induction activity regardless of tumor type and origin and that non-CSCs underwent EMT and got into a CSC state de novo when exposed to malignant PE/ascites. This process was associated with VEGFmediating PI3K/mTOR pathway activation. Clinical observations further showed that anti-VEGF therapy could inhibit EMT and was effective for malignant PE/ascites management. Our data suggest that targeting VEGF-mediating mTOR activation in combination with conventional therapy could be an available strategy to better control malignant PE/ascites through inhibiting EMT and eliminating CSCs.
Results

Malignant PE/Ascites Induce EMT in Vivo and in Vitro-
Cancer cells undergoing EMT lose epithelial characteristics and switch to a mesenchymal phenotype, which is required for further invasion and metastasis (21) . Extensive and rapid spread are common in malignant PE/ascites (6, 7) , which suggests that cancer cell EMT occurs in malignant PE/ascites. To confirm this, we first analyzed the differential expression of EMT markers in matched specimens of primary and exfoliative tumor cells from identical patients. In the primary sites of human breast cancer, the epithelial cell marker E-cadherin was highly expressed in tumor cells, whereas vimentin, a mesenchymal marker, was mainly expressed in the tumor stroma, with none or little in epithelial tumor cells ( Fig. 1A) . Then we compared the expression of E-cadherin and vimentin in primary lung cancer cells with that of exfoliative cancer cells in malignant PE. We also found that many tumor cells in the malignant PE lost E-cadherin but showed an increase in vimentin expression ( Fig. 1A) . To further confirm the universality of this phenomenon, we examined EMT marker expression in human lung tumor tissues and found that primary cancer cells in those malignant tissues all showed high E-cadherin and little vimentin expression. This phenomenon also existed in rectal and ovarian tumor tissues (data not shown). Our results indicated that there were a lot of EMT cancer cells in malignant PE/ascites but only a few EMT cancer cells in primary tumors. These results suggested that malignant PE/ascites significantly induced EMT in different types of tumors.
Given that tumor cells acquire a mesenchymal phenotype in malignant PE/ascites, we tested the possibility that patient-derived malignant PE/ascites could induce EMT in different cancer cell lines. We cultured human lung cancer cells (A549), ovarian cancer cells (SKOV3), and breast cancer cells (MCF-7) in PE and ascites from patients with lung, ovarian, and breast cancer, respectively. The clinical characteristics of PE and ascites are summarized in supplemental Table S1 . After long-term culture (14 -30 days) in malignant PE/ascites, most if not all cancer cells displayed a typical EMT phenotype and were scattered and changed from cuboidal to spindle shape ( Fig. 1, B-D) . Besides malignant PE from breast cancer patients, we also used malignant PE/ascites from patients with lung, ovarian, and colorectal cancers and lymphoma to culture MCF-7 tumor cells. We found that most of the malignant PE/ascites we collected could induce the EMT process in MCF-7 cells with high frequency, independent of the original cancer types (Fig. 1D ), which indicated that some common ingredients probably existed in malignant PE/ascites. To further demonstrate the EMT process, we evaluated epithelial and mesenchymal marker expression on MCF-7 tumor cells. In the presence of malignant PE/ascites from different patients with lung, breast, gastric, and ovarian cancer, lymphoma, or mesothelioma, E-cadherin was lost, and the expression of vimentin was increased ( Fig. 1E ). These results further suggest that malignant PE/ascites can induce cancer cells to undergo EMT and acquire mesenchymal traits and that the induction capacities of malignant PE/ascites is universal for different types of cancer cells.
Cancer Cells Undergoing EMT Gain the Phenotype of Cancer Stem Cells-EMT cells express stem cell markers and gain stem cell-like characteristics (14) . To investigate whether tumor cells in malignant PE/ascites gain the stem cell phenotype, we assessed the stem cell phenotype in A549 and SKOV3 tumor cells cultured in malignant PE/ascites. We observed the substantially increased CD133ϩ stem cell population in these two cell lines (Fig. 2 , A-D). We further assessed the proportion of the CD44ϩ/CD24Ϫ subpopulation, which is associated with human breast cancer stem cells (22) . Upon exposure to malignant PE/ascites, the number of CD44ϩ/CD24Ϫ CSCs was significantly increased (Fig. 2 , E and F).
Next we sought to determine whether malignant PE/ascites promote the breast CSCs phenotype by converting a subset of non-CD44ϩ/CD24Ϫ CSCs (hereafter termed non-CSCs) into CSCs. We sorted non-CSCs by FACS and cultured them in malignant PE/ascites. The results showed that the CSC population was also significantly increased in malignant PE/ascitestreated groups compared with control groups (Fig. 2G ). We then evaluated the expression of mesenchymal markers and showed that non-CSCs cells gained more vimentin expression when exposed to malignant PE/ascites ( Fig. 2H ), indicating that malignant PE/ascites promoted the CD44ϩ/CD24Ϫ CSCs phenotype by inducing dedifferentiation in non-CSC cells. Collectively, these data suggest that malignant PE/ascites can strongly promote CSCs generation.
Malignant PE/Ascites Potentiate Tumor Growth and Therapy Resistance-Both the EMT and CSC phenotype show aggressive biological characteristics, including increased invasion, metastatic ability, and resistance to therapy (11, 13, 23) . To test whether tumor cells cultured under conditions of malignant PE/ascites gain a growth advantage, ascites-cultured SKOV3 cells were implanted subcutaneously into the flank of immunodeficient BALB/c-nude mice; the same number of control parental cells was implanted into the contralateral flank. 23 days later, tumor volume and weight was assessed. SKOV3 cell cultured with malignant ascites generated significantly larger tumors relative to their paired controls ( Fig. 3A) , with a 2.5-to 4-fold increase in tumor weight compared with their paired control tumors on the contralateral flanks (Fig. 3A) . The resulting tumors were examined by histopathology. Compared with their parental cell-derived tumors, tumors formed from ascitescultured cells displayed a higher ki67 proliferation index and tumor vasculatures ( Fig. 3 , B and C), characteristics of aggressive growth, indicating that ascites confer a growth advantage on tumor cells in vivo.
We then hypothesized that tumor cells pretreated with malignant PE/ascites would be resistant to chemotherapeutic drugs. MCF-7 cells were exposed to cisplatin or paclitaxel for 24 h, and chemosensitivity was determined by flow cytometry for the proportion of live cells. MCF-7 cells cultured in malignant PE exhibited a significantly higher survival rate after cisplatin or paclitaxel treatment ( Fig. 3D ). Moreover, malignant PE/ascites induced the expression of ABCB1 and ABCG2 ( Fig.  3E ), two putative CSC markers, protecting cancer stem cells from chemotherapeutic agents (24) . On the other hand, recent reports show that allogeneic NK cells preferentially target cancer stem cells (25) . To test whether malignant PE/ascites influence the susceptibility to cytotoxicity of NK cells, we analyzed malignant PE/ascites-cultured tumor cells for their susceptibility to IL-2/IL-15-activated NK cell populations derived from healthy donors. We found that malignant PE/ascites-cultured tumor cells were more resistant to NK cell cytotoxicity ( Fig. 3F ). NKG2D receptor-ligand interaction was required for NK cell killing activity (26) . To test whether malignant PE/ascites influence NKG2D ligand expression, we evaluated the surface levels of ULBP1, ULBP2, and MICA on tumor cells. The expression of the NKG2D ligands ULBP1, ULBP2, and MICA was not significantly changed after malignant PE/ascites treatment (data not shown). However, MHC-I molecules were up-regulated by malignant PE/ascites from different patients ( Fig. 3G ). Those results demonstrate that cancer cells are resistant to chemo- therapy and NK-mediated cytotoxicity in the microenvironment of malignant PE/ascites.
Malignant PE/Ascites Promote EMT through Activation of the PI3K/Akt/mTOR Pathway-Activation of the PI3K/Akt/ mTOR pathway plays a critical role in promoting EMT and stem-like properties in several tumors (27) . We first investigated whether the PI3K/Akt/mTOR pathway was activated in cancer cells cultured within malignant PE/ascites. P70S6 kinase ribosomal protein is a downstream target of mTOR (28) . Exposure of MCF-7 cells to malignant PE/ascites for 5, 15, and 30 min resulted in activation of Akt and P70S6K, as revealed by elevated phosphorylation levels (Fig. 4, A and B) . Although malignant PE from patient 17 did not activate the mTOR pathway at 30 min, it obviously elevated the phosphorylation level of p70S6K when exposed for a longer time (1 and 2 h, data not shown). Glycogen synthase kinase 3␤ (GSK3␤) is a well characterized AKT substrate. Phosphorylation of GSK-3␤ on the Ser-9 site by Akt inactivates its kinase activity. MCF-7 cells treated with malignant PE/ascites had a significant increase in GSK-3␤ phosphorylation (Fig. 4B ).
We further analyzed the effect of malignant PE/ascites on the Wnt, Notch, and Hedgehog pathways, known to regulate stem cell characteristics (13, 29, 30) . We confirmed no obvious activation of the Notch pathway in MCF-7 tumor cells by Western blotting for Notch intracellular domains (NICDs) and Hes-1 protein. There was also no obvious increase in ␤-catenin Ser-552 phosphorylation (Fig. 4B ), which was associated with enhanced transcription (29) . Cancer cells cultured in malignant PE/ascites showed increased smad1 phosphorylation ( Fig. 4B ). Next, we analyzed the mRNA transcripts encoding components of the Hedgehog signaling pathway. There was no significant transcriptional elevation in the levels of components of the Hedgehog pathway, such as patch, smo, or gli-1 (Fig.  4C ). Previous reports show that Nodal/Activin signaling regulates the self-renewal of cancer stem cells in several types of cancers (31) . Here we showed that the gene expression levels DECEMBER 23, 2016 • VOLUME 291 • NUMBER 52 for nodal, cripto-1, and activin were not obviously elevated ( Fig. 4D ).
Malignant Exudates Induce EMT and CSCs
To further validate the importance of the PI3K/Akt/mTOR/ p70S6K pathway in EMT induction, we used a plethora of chemical inhibitors to antagonize associated signaling pathways. We cultured MCF-7 tumor cells in malignant PE/ascites together with pan-PI3K (LY294002), mTOR (rapamycin), TGF-␤ receptor (SB431542), notch (DAPT), Wnt (XAV939), Hedgehog (cyclopamine), or NADPH oxydase (apocynin) inhibitors. We found that LY294002 and rapamycin protected against the malignant PE/ascites-induced EMT process, as reflected by the cuboidal morphology ( Fig. 4E ), decreased vimentin expression, and reduced cancer stem cells (Fig. 4 , F and G). Although the TGF-␤ receptor inhibitor SB431542 showed inhibition of the EMT and CSCs state, the inhibitory efficacy was significantly less than that of LY294002 and rapamycin. Moreover, no effect of DAPT, XAV939, cyclopamine, and apocynin was observed. These results indicate that the PI3K/Akt/mTOR pathway is essential for malignant PE/ascites-induced EMT and CSCs.
To further confirm the key role of mTOR and the potential application for malignant PE/ascites management by targeting mTOR, we tested whether the antitumor efficacy of the chemotherapeutical agent cisplatin could be enhanced by synergy with the commercial mTOR inhibitor rapamycin in a mouse model. We observed that both rapamycin and cisplatin are efficient at reducing abdomen circumference and tumor burden in the SKOV3 ovarian cancer xenograft model; however, either single agent is less effective than the combination therapy (supplemental Fig. S1 ). These findings indicate that targeting mTOR may be an effective strategy to sensitize intrapleural or intraperitoneal chemotherapy for malignant PE/ascites.
VEGF Is Associated Primarily with the EMT and CSC State and Is an Effective Target in Malignant PE/Ascites-The composition of malignant PE/ascites is highly diverse and forms a complicated microenvironment. To find the upstream factor for mTOR activation, we first assessed it on albumin, as it represents a universal component in exudates and was reported to activate the mTOR pathway and induce EMT in tubular epithelial cells (32) . However, human albumin at various concentrations could not initiate the EMT process of cancer cells in malignant PE/ascites (supplemental Fig. S2A ). Albumin could not change the EMT markers in MCF-7 tumor Fig. S2B ), although it slightly increased the proportion of CD44ϩ/CD24Ϫ CSCs (supplemental Fig. S2C ).
cells (supplemental
It is generally believed that several cytokines can induce EMT (33, 34) . We examined the cytokine profile known to initiate EMT in malignant PE/ascites. Using ELISA and a luminexbased multiplex bead array system, we found that several cytokines, including VEGF, osteopontin (OPN), hepatocyte growth factor (HGF), insulin-like growth factor I (IGF-I), TGF-␤, IL-6, and IL-8, were abundant in the supernatant from malignant PE/ascites (supplemental Fig. S3 ). Notably, many of those factors were above the reported level in published data and were demonstrated to induce EMT in vitro through analysis of published data (35, 36) . We also noted that, in most patients, several cytokines measured in the multiplex assay were below the detection limit, including IL-1␤, IL-13, IL-17, PDGF, EGF, RANTES, FGF-2, Endothelin-1, and BMP-9 (supplemental Fig.  S3 and data not shown).
To investigate which cytokine is the primary mediator of EMT events induced by malignant PE/ascites, we analyzed the correlation between CSC increase and cytokine concentration. The increased CSCs positively correlated with VEGF concentration but not with other cytokine levels, including IGF-I, TGF-␤, ␤2-macroglobin, IL-6, IL-8, TNF-␣, OPN, HGF, angio-poietin-2, endoglin, and HB-EGF ( Fig. 5 ). These results strongly imply that VEGF mediates, to a great extent, the EMT induction activity and cancer stem cell state in malignant PE/ascites. We also determined VEGF neutralization on mTOR activation. Treatment of PE/ascites with an anti-VEGF blocking antibody had an obvious effect in reverting mTOR activation, although it did not show a sharp drop (supplemental Fig. S4 ).
Next we assessed the VEGFRs, including VEGFR1, VEGFR2, and neuropilin-1 (NRP-1), on the cell lines we used. Almost all three receptors were expressed on MCF-7, A549, and SKOV3 cells (Fig. 6A ). Then the expression pattern of VEGFRs was determined on primary tumor tissues and cancer cells in pleural effusion from the same patients with breast cancer. We found that VEGFR1, VEGFR2, or neuropilin-1 was expressed on cancer cells irrespective of their origin (Fig. 6B ). To determine whether VEGF neutralization reduced cancer stem cells, we applied the blocking antibodies specific for VEGF to malignant PE and ascites prior to the culture. Specific blockade of VEGF showed various abrogations of the CSC induction properties of malignant PE and ascites (Fig. 6C) .
Bevacizumab is a humanized monoclonal antibody specifically targeting VEGF for advanced lung cancers and metastatic colorectal cancers (37, 38) . To investigate whether the malig- nant PE/ascites from bevacizumab-treated patients can block the EMT process, we collected ascites before and after bevacizumab therapy from a patient with a history of metastatic colorectal cancer. Subsequently, we cultured MCF-7 tumor cells in those ascites. Interestingly, we observed that tumor cells cultured in the ascites after bevacizumab were not as scattered as those in the ascites before treatment (Fig. 6D) . Consistent with the morphology changes, the tumor population cultured in ascites after bevacizumab therapy had less CD44ϩ/CD24Ϫ CSCs (Fig. 6E ) and decreased mesenchymal marker vimentin expression ( Fig. 6F ), suggesting that bevacizumab can partially, if not completely, prevent EMT events in malignant PE/ascites. We also observed the efficacy of bevacizumab in several lung cancer patients with malignant PE/ascites (data not shown).
From the clinical observation, we defined a therapeutic option with VEGF antibody for malignant PE and ascites. A 57-year-old male with lung adenocarcinoma had refractory malignant PE. Systemic cisplatin-based chemotherapy and intrapleural chemotherapy with cisplatin failed to control malignant PE. A computed tomography scan obtained upon his admission in June 2013 revealed massive right-sided PE. He had about 1000 -1500 ml of bloody exudate every day for 6 continuous days. He received intravenous bevacizumab (7.5 mg/kg) 5 days before intrapleural chemotherapy with cisplatin (60 mg). Surprisingly, the malignant PE was controlled after the combination treatment. Then he received four cycles of docetaxel and another dose of bevacizumab during the second cycle. Then he underwent steady control of PE for more than 1 year, as revealed by iconography data (Fig. 6, G and H) . These data indicate that anti-VEGF therapy may present an effective strategy for cancer patients with malignant PE/ascites.
Discussion
Cancer patients with malignant PE/ascites have an extremely poor prognosis not only because of the advanced stage but also because cancer cells in malignant PE/ascites could acquire more aggressive properties. Rapid growth, extensive spread, and enhanced resistance to treatment result in rapid relapse and disease progression. We found here, from clinical specimens and in vitro experiments, that cancer cells in malignant PE/ascites underwent EMT and displayed a cancer stem cells phenotype, which could account for the poor prognosis. Here, besides confirming the phenomena described previously (9, 19, 20) , we also found that malignant exudates had universal induction activity regardless of tumor type and origin. More importantly, we noted that non-CSCs could undergo EMT process and be directly converted into the CSC state when exposed to malignant PE/ascites; therefore, blocking the process in combination with conventional chemotherapies is critical to better control malignant PE/ascites.
Prior studies have shown that when non-CSCs undergo EMT, they can dedifferentiate into CSC-like cells after acquiring characteristics of cells in EMT (14) . The stem cell property endowed cancer cells with a growth advantage, which was confirmed in our SKOV3 cancer model. EMT and cancer stem cells also represent a major factor in chemotherapeutical resistance (13) . We showed in vitro that cancer cells exposed to malignant PE/ascites were less responsive to chemotherapy, accompanied by increased expression of multidrug resistance genes. Besides, given that different immune cell populations are present in malignant PE/ascites, we also focused on the cytotoxicity of immune cells on cancer cells cultured with malignant exudates. Previous studies have shown that malignant PE/ascites foster immune privilege and facilitate tumor cell survival (39, 40) . One of these reports shows that tumor cells in the peritoneal cavity express PD-L1 and escape from CD8ϩ cytotoxic lymphocytes (40) . Previously, studies reported that NK cells can recognize and kill tumor cells in an MHC-independent manner and that allogeneic NK cells preferentially target cancer stem cells (25, 41) . In this study, we found that cancer cells experienced EMT and acquired a CSC phenotype when exposed to malignant PE/ascites. Unexpectedly, these cancer cells were resistant to cytolysis mediated by NK cells, probably because of the high level of MHC-I expression induced by the cytokine milieu in malignant exudates (Fig. 3G) . Notably, in the course of our experiment, we also observed some inconsistency between DECEMBER 23, 2016 • VOLUME 291 • NUMBER 52
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EMT and CSCs that challenged previous reports (14) . We postulated that this might be due to the special microenvironment we used here, which was enriched with many cytokines, as we reported, and was a more complex microenvironment. Therefore, malignant PE/ascites represent a favorable microenvironment for tumor progression and treatment refraction because of perpetual EMT and CSC conversion, which, in turn, facilitate PE and ascites formation, forming a vicious cycle.
Many factors are reported to initiate cancer cell EMT through different pathways. In this study, we paid more attention to finding the critical mediator that impairs EMT and CSC processes. Notably, EMT induced by malignant PE/ascites was independent of the wnt, hedgehog, and nodal pathways. However, as we demonstrated, this process relies mainly on the PI3K/Akt/mTOR pathway, which plays an important role in the process of EMT (27) . Constitutive activation of Akt promotes the transcription of Snail and Zeb1, which is known to repress E-cadherin expression (21) . We showed that EMT induced by malignant PE/ascites could be inhibited by the pan-PI3K inhibitor LY294002 and the mTOR inhibitor rapamycin. We also confirmed the important role of mTOR in impairing EMT and reversing chemoresistance in a SKOV3 mouse model using the mTOR inhibitor. We further investigated the upstream initiator of the PI3K/Akt/mTOR pathway. A plethora of evidence suggests that inflammation promotes EMT (42) . We considered that the malignant PE/ascites microenvironment may also represent an inflammatory microenvironment. We thus screened the cytokine profiles and found that those microenvironment enrich a variety of cytokines with abundant VEGF, IGF-I, HGF, OPN, TGF-␤, IL-6, and IL-8. TNF-␣, angiopoietin-2, endoglin, and HB-EGF were also enriched in many patients. However, IL-1␤, IL-13, IL-17, PDGF, EGF, RANTES, FGF-2, Endothelin-1, and BMP-9 were not detectable in the majority of patients. Of those enriched cytokines, many can activate receptor tyrokinase, which subsequently activates the PI3K pathway (43, 44) . However, our data indicated that VEGF was most relevant to EMT induction. Targeting VEGF was also demonstrated to obviously impair the EMT and CSC state both in vitro and in vivo. Indeed, VEGF was reported to induce EMT in human pancreatic cancer cells (35) . Previous investigations reported that cancer cell EMT and gain of CSC properties in malignant PE/ascites depended on TrkB and TGF-␤ signaling, respectively (9, 45) . TrkB is a well established regulator that promotes VEGF expression (46) . Of course we cannot exclude additional factors inducing this effect, as we observed that VEGF neutralization substantially but not fully blocked mTOR activation and CSC increases. In our study, we also found that TGF-␤ signaling was involved in the EMT process but significantly weaker than VEGF signaling. Taken together, targeting VEGF could be an applicable strategy for impairing the process in malignant PE/ascites.
In the clinical setting, intrapleural and intraperitoneal chemotherapy are common modalities for malignant PE/ascites management. So far, there are no reports that mTOR inhibitors were used for malignant PE/ascites management even though some of them are available clinically, whereas the efficacy of anti-VEGF therapy with bevacizumab, a VEGF antibody, by intrapleural or intraperitoneal administration for malignant PE/ascites has been frequently reported (47) (48) (49) . One mechanism of bevacizumab is that it reduces vascular permeability induced by VEGF (50) . Here we observed that malignant PE/ascites from patients treated with bevacizumab lost EMT and CSC induction activity. Therefore, our study clarified a novel role of anti-VEGF, which was associated with EMT process blockade and CSCs decrease in malignant PE/ascites. Our study also supported the rationality of local anti-VEGF antibody administration when used for malignant PE/ascites management. Inasmuch as VEGF blockade reduces EMT and CSCs, anti-VEGF therapy may be a reasonable option for patients with malignant exudates.
In summary, our study shows that EMT and CSCs induced by malignant PE/ascites are highly dependent on the VEGF/PI3K/ Akt/mTOR pathway. Targeting VEGF or mTOR is an applicable strategy to impair the EMT and CSC process in combination with conventional chemotherapy for better malignant PE/ascites management.
Experimental Procedures
Clinical Specimens-Human cancer samples and exfoliative cell samples were obtained from the Department of Pathology, West China Hospital, Sichuan University. Human malignant peritoneal effusion and ascites were collected from voluntarily consenting patients at the Cancer Center, West China Hospital, Sichuan University with written informed consent according to ethics committee approval. Malignant pleural effusion and ascites were stored in Ϫ20°C and Ϫ80°C. The clinical information is summarized in supplemental Table S1 .
Cell Culture-The human breast cancer cell line MCF-7 was maintained in DMEM (Gibco) supplied with 10% FBS (Gibco) at 37°C and a 5% CO 2 atmosphere. The human ovarian cancer cell line SKOV3, the lung cancer cell line A549, and endothelial cell line human umbilic vein endothelial cells were maintained in RPMI 1640 medium (Gibco) supplied with 10% FBS (Gibco) at 37°C and a 5% CO 2 atmosphere. All tumor cells were obtained from the American Type Culture Collection. Human NK cells were obtained from the peripheral blood of healthy donors and isolated with a magnetic bead-based technique using the NK isolation kit (R&D Systems) according to the instructions of the manufacturer. NK cell purity was Ͼ85%. NK cells were maintained in RPMI 1640 medium supplemented with 10% FBS, 200 units/ml IL-2, and 10 ng/ml IL-15.
Antibodies and Reagents-CD44-PerCP-Cy5.5, CD24-FITC, and MHC-I-FITC antibodies were purchased from BD Pharmingen. The CD133-APC antibody was from Miltenyi Biotec. Antibodies against ULBP1, ULBP2, and MICA were purchased from R&D Systems. E-cadherin, vimentin, ki-67, and VEGFR1 antibodies were obtained from Abcam. Neutralizing antibody against VEGF was purchased from R&D Systems. Human albumin was purchased from Sigma-Aldrich. FITCconjugated CD31 was purchased from BioLegend. VEGFR2, NRP-1, GAPDH, p-Akt, p-P70S6K, p-Smad1, p-NF-B p65, NICDs, Hes-1, p-␤-catenin, p-GSK3 ␤, and p-MAPK p44/p46 antibodies were from Cell Signaling Technology. The pan-PI3K (LY294002), mTOR (rapamycin), TGF-␤ receptor (SB431542), notch (DAPT), Wnt (XAV939), Hedgehog (cyclopamine), and NADPH oxydase (Apoycin) inhibitors were from Sigma-Aldrich. The VEGF, IL-6, TGF-␤, IGF-I, TNF␣, and ␤2-microglobumin ELISA kits were obtained from R&D Systems. The luminex-based multiplex bead array system for IL-8, osteopontin, HGF, angiopoietin-2, endoglin, HB-EGF, IL-1␤, IL-13, IL-17, PDGF, EGF, RANTES, FGF-2, Endothelin-1, and BMP-9 were from Millipore Corp. The Annexin-V-FITC and propidium iodide (PI) kit was from Roche.
Flow Cytometry-Human MCF-7, A549, HCT116, and SKOV3 tumor cells were cultured in malignant PE and ascites. MCF-7 cells were treated with 20 mg/ml and 40 mg/ml human albumin. For the blocking assay, MCF-7 cells cultured in malignant PE/ascites were simultaneously treated with VEGF antibody (10 g/ml), DMSO, LY294002 (20 M), rapamycin (100 nM), SB431542 (20 M), XAV939 (1 M), DAPT (3 M), apocynin (200 M), and cyclopamin (10 M). Single cell suspensions were prepared and then stained with CD44 and CD24 or CD133 antibodies, respectively, at 4°C for 30 min. For the chemotherapy assay, tumor cells were exposed to 12.5 nM paclitaxel and 25 g/ml cisplatin for 24 h. Apoptotic cells were stained with Annexin-V and PI at room temperature for 15 min. Tumor cells were acquired on a FACSCalibur flow cytometer, and data were analyzed using CellQuest software (BD Pharmingen). MCF-7 tumor cells were stained with antibodies against ULBP1, ULBP2, MICA, and MHC-I.
RNA Extraction and RT-PCR-RNA was prepared from MCF-7 tumor cells using an RNA isolation kit (Axygen) and reverse-transcribed (TaKaRa) according to the protocols of the manufacturer. cDNA was used to amplify ABCB1, ABCG2, SOX2, Patch, Smo, Gli-1, Nodal, Cripto-1, and Activin. Realtime PCR was performed on a CFX 96 real-time PCR thermocycler (Bio-Rad) using a kit (SYBR Premix EX Taq, TaKaRa) with GAPDH as a reference control. The primers used in PCR are shown in supplemental Table S2 . Relative gene expression was calculated using the 2 Ϫ‚‚Ct method with GAPDH as a reference.
Western Blotting Analysis-Human MCF7, A549, and SKOV3 tumor cells cultured with malignant PE/ascites in the presence or absence of VEGF antibody or signal inhibitors and MCF-7 cells treated with human albumin were lysed with radioimmune precipitation assay buffer, and cellular extracts were resolved on SDS-PAGE and then transferred onto a PVDF membrane. Membranes were probed with primary antibodies against E-cadherin (1: 500), vimentin (1:1000), VEGFR1 (1:1000), VEGFR2 (1:1000), NRP-1 (1:1000), p-Akt (1:1000), p-P70S6K (1:1000), p-Smad1 (1:1000), p-NFB p65 (1:1000), NICDs (1:1000), Hes-1 (1:1000), p-␤-catenin (1:1000), p-GSK3 ␤ (1:1000), p-MAPK p44/p46 (1:1000), and GAPDH (1:1000), followed by incubation with HRP-conjugated secondary antibodies (1:10000). Probes were visualized by a chemiluminescent detection system.
51
Cr Release Cytotoxicity Assay-MCF-7 cells were labeled with 1 mCi of Na 2 51 CrO 4 for 1 h at 37°C. Cells were then washed three times with complete medium and incubated with human IL-2/IL-15-activated NK cells at different effector:target ratios (40:1, 20:1, 10:1, and 5:1). After incubation for 4 h at 37°C, cell-free supernatants were collected and counted on a scintillation counter. The percentage of cytolysis was calculated as follows: (sample release Ϫ spontaneous release)/(maximum release Ϫ spontaneous release).
Animal Model-Animal experiments were performed according to protocols approved by the Institutional Animal Care and Use Committee of Sichuan University. 1 ϫ 10 7 ascites-cultured SKOV3 cells were implanted subcutaneously into the flank of immunodeficient female BALB/c-nude mice (8 -10 weeks old), with the same number of control SKOV3 cells implanted into the contralateral flank. 23 days later, tumor volume and weight were assessed. SKOV3 tumors were embedded in O.C.T. gel or formaldehyde-fixed and paraffin-embedded and sectioned. For the combination therapy for the ascetic ovarian cancer model, SKOV3 tumor-bearing female BALB/cnude mice were treated with 2 mg/kg cisplatin for 4 consecutive days (day 0 -4, the first cycle), followed by a 10-day pause and subsequent treatment for another 4 consecutive days (days 15-18, the second cycle) and/or 4 mg/kg rapamycin daily, with DMSO vehicle as the control. Tumor burden was measured by tumor number and weight on day 19.
Immunohistochemistry and Immunofluorescence-Human primary cancer samples and exfoliative cell samples were stained with E-cadherin (1:100), vimentin (1:100), VEGFR1 (1:100), VEGFR2 (1:100), and NRP-1 (1:100). SKOV3 tumor tissues from nude mice were stained with ki-67 (1:100), followed by biotin-conjugated secondary antibody and then streptavidin-HRP complex. Diaminobenzidine was used as the enzyme substrate. Samples were then counterstained with hematoxylin. CD31-FITC (1:100) was stained in frozen sections of SKOV3 tumor sections, and microvessel density was assessed.
Statistics-Statistical analysis was conducted using twotailed Student's t test, Mann Whitney test, one-way analysis of variance, and Pearson rank correlation test. Results were expressed as the mean Ϯ S.D. p Ͻ 0.05 was designated as statistically significant.
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